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Abstract— This paper presents preliminary simulations and
analyses done to assess the feasibility of performing Map Rel-
ative Localization (MRL) with the Europa Lander LiDAR being
developed for the Europa Lander Pre-Phase A concept. Map
Relative Localization is the process of determining the horizon-
tal position of a lander with respect to an onboard, a-priori map,
by comparing the map to sensor observations of the terrain dur-
ing deorbit, descent, and landing (DDL). Although kilometer-
scale position knowledge is commonly available during DDL,
landing in hazard-rich environments requires position errors of
100 m or less. Prior knowledge in the case of Europa Lander
will be visual and topographic maps collected by the upcoming
Europa Clipper mission. The Mars 2020 Lander Vision System
(LVS) uses images from a camera to localize with respect to
visual maps. This technology, as well as a 3D imaging LiDAR in
development for hazard detection, is currently baselined for the
Europa Lander Pre-Phase A concept. This paper investigates
the potential use of the hazard detection LiDAR to perform
MRL with respect to a 3D digital elevation model (DEM)
provided by the Europa Clipper mission, as an alternative or
backup solution to passive optical MRL. Compared to passive
optical MRL, one advantage of LiDAR-based localization is
that it is insensitive to lighting conditions, potentially relaxing
requirements on synchronizing map acquisition and landing
time of day. To analyze LiDAR based MRL performance,
six representative terrains are synthetically up-sampled from
Galileo-derived maps of Europa to a resolution of 0.5 m/px
and covering an area of 4 km by 4 km. These maps are used
as ground-truth to generate simulated noisy a-priori onboard
topographic maps expected from Europa Clipper as well as
simulated LiDAR DEMs generated at an altitude of 5 km during
Europa Lander DDL. The simulated LiDAR DEM is matched
against the simulated map via 2D normalized cross-correlation,
exploiting the accurately known spacecraft attitude to avoid
the need for more computationally intensive algorithms such as
Iterative Closest Point (ICP). Two sources of measurement error
are identified for analysis: 1) additive Gaussian noise in the
range measurements from the Europa Lander LiDAR and the
Europa Clipper derived maps and 2) errors in the LiDAR DEM
induced by errors in the Europa Lander state estimate which is
used to de-warp the LiDAR scan data into a DEM format. We
assess the effect of each of these types of errors independently on
matching performance as well as the overall performance when
all types of error are introduced. Additionally, we present the
result of a sensitivity study to terrain frequency content.
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1. INTRODUCTION
Europa Lander is a concept for a potential future mission to
Jupiter’s moon Europa which is believed to contain a global
ocean of salty water beneath its surface that may be suitable
for life. Signs of this life (called biosignatures) may find their
way to the surface where a robotic spacecraft like Europa
Lander could sample and study them. To land safely, Europa
Lander will need to autonomously localize itself with respect
to Europa during the descent, map the terrain below, and
determine a safe spot to land that is free of hazards.

Map relative localization (MRL) is the process of determining
the location of a lander with respect to an onboard, a-priori
map, by comparing the map to sensor observations of the
terrain of a planetary body during entry, descent, and landing
(EDL), or deorbit, descent, and landing (DDL). Although
kilometer-scale position knowledge is commonly available
during EDL, landing in hazard-rich environments requires
position errors of 100m or less.

Prior knowledge of the terrain is typically limited to visual
or topographic maps obtained from orbit. A camera and/or
LiDAR on the lander is used to image the terrain during
descent. The lander-fixed image is then matched to the orbital
map to localize the lander. The Mars 2020 Lander Vision
System (LVS) uses images from a camera to localize with
respect to a visual map. This technology, together with a
3D imaging LiDAR in development for hazard detection,
is currently baselined for the Europa Lander Pre-Phase A
concept. This study investigates the potential use of the
hazard detection LiDAR for map relative localization with
respect to 3D digital elevation models (DEMs) derived from
future Europa Clipper reconnaissance data.

Compared to passive optical MRL, one advantage of LiDAR-
based localization is that it is insensitive to lighting con-
ditions, potentially relaxing requirements on synchronizing
map acquisition and landing time of day. However, currently
less research exists on LiDAR-based navigation technology
for spacecraft landing applications, in part due to the sig-
nificantly more complex challenge of space qualifying an
imaging LiDAR compared to a camera. Prior work demon-
strated LiDAR-based TRN in simulation and field tests [1].
In that work, contours derived from a laser range finder or
flash LiDAR from altitudes up to 8 km were successfully
matched against 5 m/px terrain DEMs and achieved less
than 90 m localization error. Advances in imaging LiDAR
technology currently under development for the Europa Lan-
der pre-project will allow acquiring 1×1 km DEMs from
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5 km altitude at 5 m/px resolution. That, together with the
processing capabilities of the Mars 2020 Vision Compute
Element (VCE) provide a credible path to flight for this
navigation technology.

Contrary to typical ground-based localization applications,
attitude is usually very well known during spacecraft landing.
Therefore, the problem of matching a LiDAR DEM acquired
during DDL to an a priori topographic map can be reduced to
estimating the three translational degrees of freedom (DoF)
relating the two maps. This problem is considerably easier to
solve than the full 6 DoF DEM matching problem, addressed,
e.g., by iterative closest point (ICP) algorithms. In partic-
ular, matching two cartesian-gridded elevation maps with
known relative attitude can be solved by normalized cross-
correlation. In this case, the DEMs are treated analogously
to images, with the elevation values at a DEM row/column
index taking the role of image intensities. Normalized cross-
correlation, both in frequency and spatial domains, are the
fundamental image processing algorithms implemented in
LVS for vision-based MRL.

This paper assesses how well correlation-based MRL per-
forms using LiDAR DEMs created from noisy state estimates
and noisy LiDAR range measurements. To do this, we
first outline a technique that analyzes the large-scale natural
terrain characteristics of regions in low-resolution DEMs, and
uses this information to create realistic, higher resolution
DEMs. From these new DEMs we generate simulated orbital
and LiDAR-based DEMs that are the inputs to the MRL
algorithm along with the spacecraft state estimate. We then
perform a sensitivity analysis of the performance of MRL on
six different types of Europan terrain with respect to range
and state noise to determine the most significant sources of
error in MRL position estimates.

2. RELATED WORK
Terrain Generation

Schenk and his collaborators began stereo and photocli-
nometry processing of imagery from the Galileo mission in
2001 [2]. Analysis of ridged plains, chaos terrain, impact
crater floors, and dilational bands indicated that the vast
majority of Europa’s terrain has slopes in excess of 5� [3].
Nimmo and Schenk studied the power spectra and RMS
deviation of different regions of Europa [4]. Presented in
the standardized manner prescribed by Shepard [5], the RMS
deviations (5.6-15.9 m over 100 m, and 0.2-1.5 m over 1 m)
exhibited the characteristic power law behavior (with Hurst
exponents of 0.51-0.78 [6]) common for natural terrain.

Mazarico et. al made use of an approximately 20×20 km,
20 m/px DEM of the ridged plains region of Europa, pro-
duced by Schenk, to perform laser altimetry and spacecraft
localization simulations [7]. To increase the DEM resolution
to 10 m/px, they added short-wavelength fractal noise pertur-
bations to agree with the slope distributions in [3].

MRL Error Analysis

NASA’s Jet Propulsion Laboratory has developed LVS to
perform MRL for the upcoming Mars 2020 mission [8].
A downward-facing lander-fixed visual camera is used to
localize the lander with respect to an orbital map. Accurate
localization and a hazard map will enable selection of a safe
landing site. As geologically interesting regions on planetary
bodies are often hazard-rich, MRL will likely be a feature

Figure 1. Rotated and cropped DEMs used in this study.

of many future landing missions. Extensive verification was
done through simulation and field tests to analyze the local-
ization accuracy of the LVS against mission requirements [8],
[9].

3. TERRAIN GENERATION
Europa has been imaged by the Voyager and Galileo mis-
sions. Previously, this imagery has been used to obtain
digital elevation maps (DEMs) through stereo analysis of
overlapping images and/or from analysis of shadows for pho-
toclinometry [2], [4], [3]. These DEMs have ground sample
distances ranging from 9-1500 m/px; the richest and most
extensive of the data has ground sample distances ranging
from 21.5-80 m/px. In the past, these DEMs have been used
primarily for scientific purposes.

This paper analyzes LiDAR-based MRL on Europa beginning
at 5 km after Europa Lander’s deorbit burn. At this altitude,
its resolution is 200×200 px and its ground footprint is
1×1 km, implying a ground sample distance of 5 m/px. Thus,
the resolution of existing Europa DEMs is insufficient for
this study. Here we outline a procedure for analyzing the
large-scale natural terrain characteristics, extrapolating them
to relevant ground sample distances, and generating high-
frequency terrain content to augment the existing DEMs.
The end result is several 4×4 km representative DEMs with
ground sample distances of 0.5 m/px.

Background and Preliminaries

In this section, a continuous elevation function z(x), sampled
at Np regularly spaced points to create a discrete terrain
profile z ∈ RNp at positions x ∈ RNp , will referenced in
the context of modeling natural terrain.

Fractional Brownian Motion (fBm)— Fractional Brownian
motion, which is often used to model the fractal nature of
terrain, is a continuous Gaussian process and a generalization
of Brownian motion. The elevation function z(x), modeled
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